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Abstract  
Due to the difficulty of measuring forces and torques acting on a 
swimmer during mid-pool swimming, an inverse dynamics 
approach is required. Personalised body segment parameter 
(BSP) data enabling calculation of net forces and torques can be 
obtained using the elliptical zone method. The purpose of this 
study was to establish the reliability of estimating BSP data of 
swimmers by the elliptical zone method with segment outlines 
being traced manually on a personal computer screen. Five 
assessors digitised the segment landmarks and traced the body 
segments from front and side view digital photographs of 11 
single arm amputee swimmers. Each swimmer was assessed five 
times by each of the five assessors. The order was fully random-
ised. Within assessor variability was less than 5% for the seg-
ment centre of mass position of all segments, for segment length 
except the neck (5.2%), and for segment mass except neck 
(11.9%), hands (Left: 8.1%; Right: 5.8%) and feet (Left: 7.3%; 
Right: 7.3%). Analysis of mean variability within and between 
assessors indicated that between assessor variability was gener-
ally as large or larger than within assessor variability. Conse-
quently it is recommended that when seeking personalised BSP 
data to maximise the accuracy of derived kinetics and sensitivity 
for longitudinal and bilateral within-subject comparisons the 
individual should be assessed by the same assessor with mean 
values obtained from five repeat digitisations. This study estab-
lished that using the elliptical zone method using E-Zone soft-
ware is a reliable and convenient way of obtaining personalised 
BSP data for use in analysis of swimming.   
 
Key words: Anthropometry, elliptical zone, error, inverse 
dynamics, reliability, Paralympic, swimming. 
  
 
 
Introduction 
 
Obtaining accurate body segment parameter (BSP) data 
such as segment masses, segment centre of mass positions 
and moments of inertia is fundamental to calculating the 
kinematics and kinetics of human motion from anatomical 
reference points digitised from video. While personalised 
BSP data may be useful in the analysis of any human 
motion, it is particularly important in analysis of mid-pool 
swimming where direct measurement of kinetics is ex-
tremely difficult. Net force, the product of the second 
derivative of whole body centre of mass (COM) position 
and body mass, can indicate the instantaneous balance 
between propulsive and resistive forces, thereby enabling 
an assessment of the effectiveness of technique and the 
relative contributions by the right and left limbs.  Direct 
measurement of swimming speed has been used to gather 
this information by attaching a light line to a fixed point 
on the swimmer’s body, commonly the hips (e.g. Payton 
and Wilcox, 2006). However, the speeds and derived 
accelerations based on the motion of the hips have been 
shown to differ considerably from the motion of the COM 
(Figueiredo et al., 2009; Psycharakis and Sanders, 2009). 
With respect to angular motion, the inverse dynamics 
approach of Dapena (1978) has been applied to swimming 
to estimate net torques about the longitudinal axis (body 
roll) (Yanai, 2004), the transverse axis (pitch) (Yanai, 
2001) and about the vertical axis (yaw) (Sanders and 
McCabe, 2014). The patterns of roll (Yanai, 2004) and 
yaw (Sanders and McCabe, 2014) have been found to be 
linked to technique asymmetries and to swimming per-
formance.   
In addition to understanding and assessing tech-
nique of able bodied swimmers, quantification of linear 
and angular kinetics are necessary to explore the effects 
of disabilities on performance and to shed light on the 
issue of classification in Paralympic swimming. In many 
cases, the disabilities create morphological asymmetries 
which affect the balance of torques acting during swim-
ming, for example, the effect of missing limbs on the roll 
and pitch of the body in response to bilateral asymmetries 
in the torques due to gravity and buoyancy. Thus, input of 
personalised segment BSP data is essential to obtain real-
istic results. Additionally, change in the anthropometric 
data themselves is of interest when assessing the effect of 
body mass, and its distribution, on swimming perfor-
mance. For this reason it is important to establish the 
sensitivity of the BSP measurements and the confidence 
with which changes over time can be detected.  
Several methods have been developed for estimat-
ing BSP data. These include using data based on cadavers 
(Depster, 1955; Dempster and Gaughran, 1967; Clauser et 
al., 1969), dual energy X-ray absorptiometry (Durkin et 
al., 2002), magnetic resonance imaging (Martin et. al., 
1989; Pearsall et al., 1994), computer tomography 
(Pearsall et al.,), gamma ray scanning (Casper et al., 
1971), surface 3D scanning combined with computer aid 
design (Ma et al., 2011).  
One method of obtaining personalised estimates of 
these parameters inexpensively and non-invasively is by 
modelling segments as a series of ellipses of known depth 
and diameters (Jensen, 1978). The volume of each ellipse 
Research article 
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is then determined and, in conjunction with estimates of 
density, the mass of each ellipse can be found. The posi-
tion of the centre of mass of the segment relative to a 
meaningful landmark or segment endpoint can then be 
determined by summing moments about the three anatom-
ical axes of the segment. The moments of inertia about 
each of the anatomical axes of each segment can be de-
termined by summing the local and remote terms of the 
contributions of each ellipse by applying the parallel axis 
theorem (Hay, 1993).  
The diameters of the ellipses are obtained by trac-
ing the outline of the segments from two photographs 
taken from orthogonal perspectives. The reliability of the 
measurements depends on the consistency of tracing those 
outlines as well as digitising the anatomical landmarks 
that define each body segment. Reliability of the method 
is particularly important when the body segment parame-
ter data are used in longitudinal studies in which changes 
in body morphology and mass distribution are likely.  
Sanders (1991) showed that forces derived from 
COM data based on BSP data obtained using the elliptical 
zone method matched the actual forces measured by a 
force plate in a drop jumping task with the exception of 
the high frequency contributions associated with impact. 
Therefore, it could be expected that the method could be 
applied well to mid-pool swimming where forces are 
comprised of low frequency contributions.  
Reliability of the elliptical zone method has been 
maximised in the past by projecting slides onto large 
digitising tablets (Jensen and Fletcher, 1994; Tupling et 
al., 1984). Tupling et al. (1984) indicated that the adapted 
elliptical zone method is consistent in day-to-day measur-
ing or by different assessors. Therefore, the past elliptical 
zone methods have been applied in longitudinal studies to 
determine the variation of humans’ body shape, volume, 
mass, radius, and moments of inertia of segments (Jensen 
and Nassas, 1985; Jensen 1986a; 1986b; 1987; 1989; 
Yokoi et al., 1986).  
With the advancement in software, enabling user 
interaction with digital photographs, digitising and tracing 
of body segments can be achieved readily on personal 
computers. A MATLAB program (E-Zone) enabling the 
acquisition of the ellipse diameters and subsequent calcu-
lation of body segment parameter data using the elliptical 
zone method has been developed (Deffeyes and Sanders, 
2005). Figure 1 shows some graphical output of the 
MATLAB program with the body modelled as ellipses.  
Table 1 indicates that E-Zone is the only BSP data 
collection method that meets all the criteria relating to 
accuracy, cost, portability, accessibility, speed, and being 
free of health risks. More body dimensions (segment 
breadths and depths) are used by E-Zone than other math-
ematical models so more accurate BSP data can be ob-
tained for biomechanical analysis.  
E-zone requires only two digital cameras allowing 
easy availability, low cost, and portability compared with 
photonic or medical scanners. Digitising and calculations 
of a subject can be completed within 20 minutes.  
To date, there is a paucity of data regarding the re-
liability of the measurements obtained both in terms of 
within assessor variability and between assessor variabil-
ity. One of the very few papers to report reliability of 
these methods was a study of front crawl swimmers by 
Psycharakis et al. (2010) in which within-operator stand-
ard deviation of total body mass was reported as 0.4kg 
and the coefficient of variation as 0.3%.  
 
Table 1. Comparison of Different Methods of BSP Data 
Estimation 
 MATH  
Models 
Medical  
SCAN 
3D  
SCAN 
E-Zone 
Accuracy Low High High High 
Cost Low High High Low 
Portable Yes No No Yes 
Health Risks No Yes No No 
Procedure Fast Fast Fast Fast 
Post Processing Fast Medium Slow Medium 
Specific Facilities No Yes Yes No 
MATH = mathematical; SCAN = Scanning 
 
 
a  
 
 
 
b  
 
 
Figure 1. Sample of graphics output of the MATLAB pro-
gram (Deffeyes and Sanders, 2005) showing a human body 
modelled as ellipses. a. front view b. side view. 
 
The purpose of the current study was to establish 
the reliability of body segment parameter data obtained 
using the elliptical zone method with segment endpoints 
and outlines being digitised and traced manually on a 
personal computer screen using E-Zone. The contribution 
to variability of differences between assessors trained in 
digitising and tracing the body segments, and the contri-
bution to variability of differences within assessors be-
tween repeated digitisations and tracings, were evaluated. 
For application to analysis of both able bodied and Para-
lympic swimming, establishing the sensitivity of meas-
urement was of particular interest. In future studies of 
swimming this will inform the confidence with which the 
effect of bilateral differences on torsional balance, and the 
effect on performance of longitudinal changes in mor-
phology with exercise and diet, can be assessed.   
 
Methods 
 
Participants 
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Participants in this study comprised 11 single arm ampu-
tee swimmers (9 females, 2 males) whose body segment 
parameter data were required for subsequent video based 
three-dimensional (3D) analysis of swimming technique. 
The mass of the nine female single arm amputee swim-
mers ranged from 44.8 kg to 67.4 kg while the masses of 
the two male single arm amputee swimmers were 99.1 kg 
and 71.6 kg (Table 2). Heights ranged from 1.57m to 
1.67m (females) and 1.84m to 1.86m for the two males 
(Table 2). Swimmers wore nylon competition swimming 
suits (not body suits) so that all segment endpoint land-
marks could be palpated and marked as described by 
Deffeyes and Sanders (2005).  
 
Table 2. Gender (F= female, M= male), height, and mass of 
the swimmers. 
Participant Gender Height (m) Mass (kg) 
S1 F 1.659 67.4 
S2 F 1.674 56.9 
S3 F 1.667 57.7 
S4 F 1.574 44.8 
S5 F 1.635 60.3 
S6 F 1.657 61.5 
S7 F 1.598 61.7 
S8 F 1.669 51.3 
S9 F 1.673 57.5 
S10 M 1.839 99.1 
S11 M 1.855 71.6 
  
Assessors 
Five assessors digitised and traced the segment outlines 
from digital photographs of the swimmers.  The assessors 
underwent training to gain familiarity with the MATLAB 
program ‘E-Zone’ (Deffeyes and Sanders, 2005) used for 
digitising/tracing of the body segments and subsequent 
output of body segment parameter data applying the mod-
elling methods of Jensen (1978). The training, conducted 
by the first author, comprised a demonstration and expla-
nation of the elliptical zone method and the digitis-
ing/tracing techniques required to obtain accurate and 
reliable results. The most experienced assessor supervised 
three practice trials of the other assessors ensuring that the 
digitising and tracing protocols were applied consistently 
according to the original developers of this method (Jen-
sen, 1978) and the developers of the E-Zone MATLAB 
program (Deffeyes and Sanders, 2005). Moreover training 
was utilised to assess the accuracy of each trial by com-
paring the participant’s actual total body mass (weighing 
scales) to the calculated total body mass (E-Zone output).  
 
Protocol 
Swimmers were weighed on a set of Seca 712 column 
scales (Germany) and their height measured (without 
shoes) on a Seca 225 stadiometer (Germany) ensuring that 
the spine at lumbar, thoracic and cervical regions was 
comfortably extended to achieve good natural postural 
alignment. Segment endpoints and landmarks (Table 3), 
on both sides of the body, were identified visually, pal-
pated, and marked with black waterproof oil and wax 
based cream (Grimas Crème Make Up) which was ap-
plied with a 30 mm diameter circular sponge to the skin 
of the swimmer. In the case of the female swimmers, 30 
mm black tape markers were adhered to the swim suit at 
the xiphoid process of the sternum and in-line laterally 
with this marker on the trunk, defining the border between 
the upper and lower trunk. For marking the vertex of the 
head, swimmers were required to wear a white silicon cap 
with a black marker applied at the highest point. The 
upper limbs on the affected side were marked at the elbow, 
if present, and the most distal endpoint.  
 
Table 3. Location of Anatomical Landmarks for E-Zone 
Calculations (adapted from Deffeyes and Sanders, 2005). 
Marker Side View Marker 
Location 
Frontal View of 
Marker Location 
Vertex Highest point of the 
head above the ear 
Central highest point 
of the head 
C2 Mandible Angle Centre of chin 
C7 At level of C7 spine, 
in centre of neck 
segment 
Adam’s Apple 
AC Joint One marker at AC 
joint should be visible 
in both views 
One marker at AC 
joint should be visible 
in both views 
Humerus 
Head 
Greater tubercle of 
the Ulna (head of 
humerus) 
Same as side view 
marker but on the 
midline of the arm 
Elbow Olecranon Process of 
Ulna 
Level of the Olecra-
non Process of the 
Ulna 
Wrist Wrist Level with the side 
marker 
Finger Longest tip of the 3rd 
Distal Phalanx 
Longest tip of the 3rd 
Distal Phalanx 
Xiphoid Level with front 
marker, on the mid-
line of the trunk. 
Base of Sternum 
Pubic Not required Applied by subject 
Hip Greater Trochanter of 
Femur 
Level with the side 
view marker, on the 
midline of the thigh 
Knee Level to the side of 
the Patella 
Centre of Patella 
Ankle Lateral Malleolus of 
the Fibula 
Level with the side 
marker, on the midline 
of the ankle. 
Metatarsal 
phalangeal 
joint P 5  
5th Metatarsophalan-
geal joint 
Same as side view 
Toe 1st Interphalangeal 
joint (Tip of big toe) 
1st Interphalangeal 
joint (Tip of big toe) 
 
Participants adopted an erect posture with the lum-
bar, thoracic and cervical spine comfortably extended as 
described for the height measurement. The chin was ele-
vated sufficiently to ensure that the line from mandible to 
chin was horizontal. Participants stood on an inclined 
board so that the feet were sloped at approximately 45 
degrees to the horizontal enabling subsequent modelling 
of the feet as a stack of ellipses. The extended upper limbs 
were maintained predominantly in the mid-frontal plane 
with the palms facing forward, fingers adducted and 
thumb in the neutral position. The upper limbs were posi-
tioned sufficiently posteriorly that they did not obscure 
the hip marker from the side view and sufficiently anteri-
orly to also avoid obscuring the lumbar region (outline of 
the swimmer’s back) from the side view.  
Still  photographs  were  taken simultaneously,  us- 
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ing a ‘one, two, three, go’ command, by three digital 
cameras (Canon PowerShot S1 IS, Sony DSC-V1 and 
Sony DSC-T5) from front, left side, and right side views 
(Figure 2).  
 
 
a  
 
 
 
b  
 
 
Figure 2. Example of a swimmer with body landmarks 
marked and adopting the posture for photographing a. front 
view b. side view. The photographs are then input to the 
MATLAB program (Deffeyes and Sanders, 2005).  
 
All cameras had a 4.0 megapixel capacity. Photo-
graphs of each swimmer and the horizontal and vertical 
scales were taken separately without altering camera 
distances, focal lengths, or settings between photographs. 
The cameras were set on tripods at a height of 1m and 
their axes parallel to the horizontal floor surface and at a 
distance of 10m from where the swimmer would be posi-
tioned in order to minimise perspective errors and scaling 
errors due to the body surfaces being slightly out of the 
planes in which the linear scales were photographed. The 
cameras were zoomed to ‘3X’ magnification to maximise 
the image size for both the swimmer and the scale. 
  
Data Processing  
Each of the assessors scaled, digitised, and traced each 
swimmer in a randomised order. The computer screens 
had a diagonal length of 27.5cm and a resolution of 1280 
x 1024 pixels. The E-Zone software (Deffeyes and Sand-
ers, 2005) enabled each body segment to be zoomed in 
turn to maximise the screen thus increasing the reliability 
of tracing. After completing the digitisation of all eleven 
swimmers, assessors then repeated that process, again in a 
randomised order, until each swimmer had been complet-
ed five times by each of the five assessors. To mimic 
likely real clinical scenarios in which repeat measures are 
taken with considerable temporal separation, no swimmer 
was assessed more than once on the same day by the same 
assessor.    
The body segment parameter (BSP) data output 
from E-Zone included segment volumes, segment masses, 
segment lengths, segment centre of mass position as a 
percentage distance between the landmarks, and moment 
of inertia about the segment medio-lateral (IML), antero-
posterior (IAP), and longitudinal/proximal-distal (IPD) axes 
of the segments. The segments were head, neck, upper 
trunk, lower trunk, right and left arm, forearm, hand, 
thigh, shank, and foot. Values were also obtained for 
combined head and neck and combined thorax and abdo-
men.
 
    
Data analysis 
Four procedures were conducted to determine mean with-
in assessor variability for each BSP for each body seg-
ment;Mean within assessor standard error of the true 
mean of five digitisations by an individual assessor of 
each BSP for each body segment; Between assessor vari-
ability due to the combined effect of differences in digitis-
ing and tracing technique among individuals;The change 
required between testing occasions in a longitudinal 
study, using a protocol of five digitisations per testing 
occasion, to be 95% certain that a real change has oc-
curred. 
1. To determine within assessor variability, means and 
standard deviations (SD) of the five trials of each 
swimmer were determined for each assessor for each 
of the BSP variables yielding 55 means and SDs for 
each BSP of each body segment. The standard devia-
tions were expressed as coefficients of variation 
(SD/Mean×100) to take into account the magnitude of 
the measurement. The mean of the SDs and of the co-
efficients of variation (CV) across the assessors was 
obtained for each swimmer. The means of these across 
the 11 swimmers were then determined.  
2. For each BSP variable of each body segment the 
standard error of the mean (SD/√n) of the five digit-
ised trials was determined and expressed as a coeffi-
cient of variation of the mean (CVM) calculated as 
100×SD/(√5 × Mean). This provided an indication of 
the reliability of the measurement when a protocol of 
five repeated digitisations is used and the mean taken 
as the representative value. This protocol may be 
adopted in practice where precise measures are re-
quired. 
3. Means of the five digitisations of each of the five 
assessors were obtained for each of the 11 swimmers 
(55 means) for each BSP variable and body segment. 
Then the SDs and CVs across the five means for each 
swimmer were obtained as measures of variability be-
tween assessors. Means of those SDs and CVs across 
the 11 swimmers were then obtained as overall esti-
mates of between assessor variability. Given that the 
total variability between assessors contains some vari-
ability due to the errors in the mean of the five digit-
ised trials of the individual assessors, in addition to the 
systematic variability due to differences in digitising 
and tracing technique, these were then assessed in 
conjunction with the standard error of the mean and 
the corresponding coefficients of variation of the 
mean. 
4. For each variable, an independent t-test was applied to 
determine the smallest change required, expressed as a  
percentage, to be 95% certain that a change had oc-
curred in tests conducted by the same assessor on an 
individual longitudinally using a five digitisation per 
sample protocol. The test is independent because the 
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five digitisations taken on each occasion are not corre-
lated according to their order. The formula (Hinton, 
2004) is given as: 
 
t= (X1 – X2)/SX1 – X2  (Eq 1) 
 
Where X1 and X2 are the means of the variable for the five digitisa-
tions of the first testing occasion and second testing occasion re-
spectively and SX1 – X2 is the estimated standard error. When the 
number of digitisations is equal on each testing occasion the formu-
la to estimate the standard error is: 
 
SX1 – X2 = (S12/n1 + S22/n2))0.5 
 
Where S1 and S2 are the standard deviations of the digitisations of 
each sample and n is the number of samples. In this case, the stand-
ard deviation on successive occasions is the mean within assessor 
SD determined as described in 1. Given that n is 5, the formula for 
the standard error simplifies to: 
 
SX1 – X2 = (2SD2/5)0.5 
 
Substituting into the original equation (Eq 1), the 
formula for t becomes: 
 
t = (X1 – X2)/ (2SD2/5)0.5   (Eq 2) 
 
Working with coefficients of variation to normal-
ise to percentages of the means as described in 1, and 
rearranging to determine the difference required to reach 
95% confidence that there has been a change, we have 
 
(X1 – X2)%crit95 = t×(2CV2/5)0.5 
 
Where (X1 – X2)%crit95 is the change required to be confident of an 
actual change at the 95% level of confidence. 
 
In looking at the effects of a nutritional or exercise 
intervention we would expect a change in a particular 
direction and hence apply a one tailed test and the value 
of t with n-1 (4) degrees of freedom the t value is 2.132.  
While the overall means for the measures of varia-
bility described above were determined across 11 swim-
mers, exceptions were the hands and forearms due to the 
amputations. In the case of the left forearm and hand, 
means were obtained from the four swimmers whose left 
forearms and hands were intact and in the case of the right 
forearms and hands, means were obtained from the seven 
swimmers whose right forearms and hands were intact.  
Despite some arms being short due to partial am-
putation, the mean variability in measures of the right and 
left arms was obtained from all swimmers regardless of 
whether the limbs were complete or partial. This did not 
affect the measures of variability given that the measures 
of variability were within and between assessors rather 
than between swimmers.   
 
Results 
 
Within assessor reliability 
Mean within-assessor SD, CV, and CVM (results of pro-
cedures 1 and 2) for the BSP data of each segment are 
presented in Table 4. It is apparent that CVs are smaller 
for the large segments than the small segments, for exam-
ple 1.3% for the mass of the abdomen compared to 8.1% 
for the mass of the left hand. CVs for moments of inertia 
were large compared to the CVs for other variables, for 
example, 2.5% for the IML of the abdomen and 11.7 for 
IML of the left hand. 
 
Between assessor reliability 
Mean between assessor SD and CV for BSP data of each 
segment (results of procedure 3) are presented in Table 5. 
Between assessor reliability was of a similar magnitude to 
within assessor reliability and in many cases somewhat 
larger, for example between assessor reliability for the 
mass of the abdomen was 1.5% compared to 1.3% for 
within assessor reliability and 3.9% compared to 2.5% for 
IML.  
 
Change required for 95% confidence  
Mean within-assessor CV and change required to have 
95% confidence of a real difference in longitudinally 
sampled means using a within assessor protocol with five 
digitisations on each testing occasion (results of proce-
dure 4) are presented in Table 6. Of particular interest 
with respect to monitoring changes in body shape of 
swimmers is the sensitivity to detecting changes in mass 
of the large segments. Assessors can be confident of a real 
change when measures on separate occasions exceed 
1.8% for the abdomen, 2.3% for the thorax, and 2.7% for 
the thighs. Changes in the combined thorax and abdomen 
can be detected confidently with only a 1.3% change.  
 
Discussion 
 
The purpose of this study was to establish the reliability 
of body segment parameter data obtained using the ellip-
tical zone method with segment endpoints and outlines 
being digitised and traced manually on a personal com-
puter screen using E-Zone software. An error margin of 
5% has been used as a useful criterion for reporting over-
all reliability in accordance with convention. 
Within assessor variability indicated by CV for the 
COM position as a percentage of the distance from prox-
imal to distal joint centres was less than 5% for all body 
segments. Within assessor variability of segment mass 
was also less than 5% for all body segments except neck 
(11.9%), hands (Left:8.1%; Right:5.8%) and feet 
(Left:7.3%; Right:7.3%). Variability in length was less 
than 5% for all segments except the neck (5.2%). In the 
case of the neck the SD was smaller than many of the 
other segments but the CV was larger due to the seg-
ment’s relatively short length. Variability in moments of 
inertia was larger than the other BSPs. This was due to the 
calculation being the sum of the local inertia terms of the 
ellipses and the remote terms. The remote terms in partic-
ular are sensitive to error, being the product of mass and 
squared radii of the ellipse centres of mass from the whole 
segment centre of mass. Consequently, variability in each 
of the terms has a compounding effect on the variability 
of the calculated moment of inertia. Nevertheless CVs 
were below 5% for the large body segments that have the 
greatest effect on torque and angular momentum deter-
mined from position data. Variability was larger for the 
small segments in terms of CVs but was small in terms of 
the magnitude of the variability expressed as an SD. For 
example the SDs of the IAP and IML moments of inertia of 
the hands were less than 1/100th of those of the abdomen 
but the CVs were more than three times those of the ab-
domen.  
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The between assessor variability data shown in 
Table 5 reflect systematic differences in digitising and 
tracing techniques among the assessors and also includes 
some random error due to within assessor variability. 
However, the latter is less than the within assessor errors 
due to the means of five digitisations being used to assess 
differences between assessors. A conservative estimate of 
the effect of the within assessor contribution to between  
assessor error is therefore the CVMs presented in Table 4.   
Taking the within assessor contribution into ac-
count, the magnitude of the systematic error contribution 
to total variability among assessors is generally similar to 
or greater than that of the within assessor variability. 
Given that differences between assessors tend to 
be similar to or greater than the within assessor variability 
it is recommended that, when using E-Zone to monitor
 
              Table 4. Mean within-assessor SD, CV (%), and CVM (%) for body segment parameters 
  COM 
(%) 
Mass 
(kg) 
Length 
(cm) 
IAP 
(kg·cm2) 
IML 
(kg·cm2) 
IPD 
(kg·cm2) 
Head SD 
CV(%) 
CVM(%) 
.441 
.820 
.367 
0.068 
1.763 
.789 
.182 
.911 
.407 
6.970 
3.402 
1.521 
8.120 
3.589 
1.605 
4.464 
3.657 
1.636 
Neck SD 
CV(%) 
CVM(%) 
1.667 
3.464 
1.549 
.065 
11.90 
5.323 
.193 
5.230 
2.339 
1.125 
15.44 
6.905 
2.769 
28.72 
12.842 
3.122 
23.45 
10.49 
H+N SD 
CV(%) 
CVM(%) 
.563 
1.443 
.645 
.099 
2.226 
.995 
.043 
1.830 
.818 
9.073 
3.250 
1.453 
12.021 
4.218 
1.886 
4.463 
3.657 
1.636 
Thorax SD 
CV(%) 
CVM(%) 
.413 
.694 
.310 
.156 
1.732 
.775 
.257 
1.149 
.514 
35.80 
2.982 
1.334 
28.69 
3.175 
1.420 
21.57 
2.790 
1.248 
Abdomen SD 
CV(%) 
CVM(%) 
.312 
.662 
.296 
.238 
1.308 
.585 
.290 
.770 
.345 
102.5 
2.377 
1.063 
98.12 
2.457 
1.099 
35.11 
2.399 
1.073 
T+A SD 
CV(%) 
CVM(%) 
.423 
.841 
.376 
.258 
.951 
.425 
.460 
.760 
.340 
148.5 
1.405 
0.628 
142.4 
1.437 
0.642 
21.57 
2.594 
1.160 
L Arm SD 
CV(%) 
CVM(%) 
1.350 
3.174 
1.419 
.070 
4.039 
1.806 
.476 
1.759 
.787 
9.348 
6.835 
3.057 
9.732 
6.860 
3.068 
1.311 
7.923 
3.543 
R Arm SD 
CV(%) 
CVM(%) 
1.455 
3.471 
1.552 
.072 
3.857 
1.725 
.435 
1.581 
.707 
10.38 
6.754 
3.021 
10.65 
6.725 
3.008 
1.401 
7.677 
3.433 
L F/Arm SD 
CV(%) 
CVM(%) 
.642 
1.518 
.679 
.064 
5.026 
2.248 
.788 
3.287 
1.470 
6.086 
8.096 
3.621 
6.007 
8.169 
3.653 
0.782 
7.836 
3.504 
R F/Arm SD 
CV(%) 
CVM(%) 
.570 
1.331 
.595 
.033 
3.294 
1.472 
.386 
1.569 
.702 
2.920 
5.649 
2.526 
2.862 
5.652 
2.528 
0.403 
6.370 
2.849 
L Hand SD 
CV(%) 
CVM(%) 
1.523 
3.760 
1.682 
.042 
8.108 
3.626 
.844 
4.624 
2.067 
1.562 
11.23 
5.024 
1.459 
11.67 
5.217 
0.349 
11.72 
5.242 
R Hand SD 
CV(%) 
CVM(%) 
1.280 
3.147 
1.407 
.024 
5.843 
2.613 
.405 
2.253 
1.008 
0.820 
8.353 
3.735 
0.775 
8.759 
3.917 
0.206 
10.42 
4.661 
L Thigh SD 
CV(%) 
CVM(%) 
1.404 
3.184 
1.706 
.171 
2.001 
.895 
.766 
1.971 
.882 
65.17 
4.224 
1.889 
68.22 
4.264 
1.907 
12.55 
4.449 
1.989 
R Thigh SD 
CV(%) 
CVM(%) 
1.269 
3.287 
1.470 
.155 
1.724 
.771 
.680 
1.722 
.770 
54.97 
3.362 
1.503 
56.10 
3.326 
1.488 
10.43 
3.346 
1.496 
L Shank SD 
CV(%) 
CVM(%) 
.489 
1.182 
.539 
.105 
3.126 
1.398 
.459 
1.170 
.523 
26.111 
5.663 
2.532 
26.70 
5.759 
2.575 
3.004 
6.560 
2.934 
R Shank SD 
CV(%) 
CVM(%) 
.499 
1.209 
.541 
.104 
2.969 
1.328 
.452 
1.115 
.498 
25.64 
5.663 
2.264 
23.89 
5.089 
2.276 
2.974 
6.094 
2.725 
L Foot SD 
CV(%) 
CVM(%) 
1.824 
4.689 
2.097 
.059 
7.346 
3.285 
.450 
2.333 
1.039 
3.212 
11.67 
5.218 
3.402 
12.05 
5.389 
0.803 
12.60 
5.633 
R Foot SD 
CV(%) 
CVM(%) 
1.636 
4.216 
1.885 
.058 
7.260 
3.248 
.519 
2.701 
1.208 
3.174 
11.73 
5.245 
3.333 
12.13 
5.423 
0.786 
12.35 
5.524 
             COM (centre of mass); R (right); L (left); H+N (head and neck); T+A (Trunk and abdomen). Four significant figures used for all data 
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                 Table 5. Mean between-assessor SD, and CV (%) for body segment parameters 
  COM 
(%) 
Mass 
(kg) 
Length 
(cm) 
IAP 
(kg·cm2) 
IML 
(kg·cm2) 
IPD 
(kg·cm2) 
Head SD 
CV(%) 
.579 
1.106 
.102 
2.641 
.359 
1.797 
9.606 
4.579 
10.83 
4.660 
5.496 
4.358 
Neck SD 
CV(%) 
1.417 
2.965 
.137 
14.92 
.258 
6.911 
1.654 
21.52 
4.690 
44.05 
5.159 
36.38 
H+N SD 
CV(%) 
.845 
2.180 
.122 
2.703 
.630 
2.681 
17.88 
5.979 
19.43 
6.008 
5.496 
4.538 
Thorax SD 
CV(%) 
.920 
1.544 
.227 
2.512 
.551 
2.454 
58.22 
4.955 
40.67 
4.474 
38.21 
5.082 
Abdomen SD 
CV(%) 
.709 
1.504 
.245 
1.294 
.662 
1.761 
152.0 
3.591 
152.0 
3.864 
56.39 
3.558 
T+A SD 
CV(%) 
1.192 
2.369 
.307 
1.094 
.860 
1.142 
242.3 
2.389 
236.2 
2.502 
38.21 
5.082 
L Arm SD 
CV(%) 
2.972 
7.047 
.138 
8.068 
1.011 
1.759 
18.52 
13.56 
19.24 
13.62 
2.195 
13.01 
R Arm SD 
CV(%) 
2.074 
6.399 
.139 
7.656 
.831 
3.015 
20.10 
13.43 
20.53 
13.29 
2.072 
11.67 
L F/Arm SD 
CV(%) 
.554 
1.314 
.059 
4.435 
.715 
2.748 
5.571 
6.913 
5.476 
6.911 
0.878 
8.335 
R F/Arm SD 
CV(%) 
.401 
.946 
.031 
3.242 
.553 
2.265 
3.316 
6.627 
3.263 
6.649 
0.374 
6.625 
L Hand SD 
CV(%) 
1.985 
4.931 
.061 
11.79 
1.275 
6.750 
2.638 
19.21 
2.436 
19.62 
0.556 
19.34 
R Hand SD 
CV(%) 
2.353 
5.824 
.048 
11.14 
1.383 
7.519 
1.787 
16.95 
1.649 
17.36 
0.374 
17.84 
L Thigh SD 
CV(%) 
1.469 
3.560 
.152 
1.790 
.645 
1.605 
64.89 
4.347 
66.29 
4.276 
13.00 
4.697 
R Thigh SD 
CV(%) 
1.305 
3.128 
.149 
1.696 
.504 
1.258 
66.76 
4.039 
67.90 
3.975 
12.71 
4.185 
L Shank SD 
CV(%) 
.461 
1.113 
.088 
2.766 
.756 
1.905 
24.83 
5.245 
25.10 
5.285 
2.931 
7.022 
R Shank SD 
CV(%) 
.360 
.870 
.082 
2.278 
0.634 
1.579 
21.38 
4.169 
21.78 
4.203 
2.372 
4.994 
L Foot SD 
CV(%) 
1.821 
4.587 
.053 
6.645 
1.132 
5.832 
3.295 
12.05 
3.398 
12.24 
0.857 
13.38 
R Foot SD 
CV(%) 
1.686 
4.328 
.052 
6.334 
1.391 
7.201 
3.547 
12.69 
3.606 
12.73 
0.805 
12.08 
COM (centre of mass); R (right); L (left); H+N (head and neck); T+A (Trunk and abdomen). Four significant figures used 
for all data 
 
changes in anthropometric variables, a protocol should be 
adopted whereby individuals undergoing repeated longi-
tudinal examinations are assessed by the same assessor.  
To increase confidence in detecting changes in anthropo-
metric characteristics of individuals, means of multiple 
digitisations can be obtained and compared across testing 
occasions.  
When using a single assessor protocol with five 
repeated digitisations on each testing occasion, the magni-
tudes of changes required to be 95% confident that there 
is a definite change (i.e. for the change to be statistically 
significant at p < 0.05) are presented in Table 6. Of great-
est relevance are the changes in mass of the body seg-
ments estimated from changes in volume. Thus, if a 
change of 1.5% in the mass of the combined thorax and 
abdomen was found we would be confident of a ‘real’ 
change between two testing occasions. The change re-
quired to detect changes with 95% confidence naturally 
increases with decreasing size of the segment. For exam-
ple differences in means of 6% between testing occasions 
are required to be confident of a real change in mass of 
the arms. However, the thighs, another area of the body 
that is likely to change mass through exercise or dietary 
interventions, requires only a 2.5% difference in means to 
be confident of a real change.   
Given the advantages of the elliptical zone method 
compared to other methods discussed in the introduction 
and shown in Table 1, using E-Zone to obtain personal-
ised BSP data would appear to be a good choice at this 
time given that the results of this study show that reliabil-
ity is generally good.  The method of body modelling 
described can also be applied to studies in other sports 
and in assessing change in health status related to body 
shape characteristics for sport and non-sport populations. 
New technologies are enabling further develop-
ment of volumetric BSP modelling techniques but have 
not yet been refined and tested sufficiently. These include 
automatic edge detection to replace manual tracing. How-
ever, these methods are subject to variability due to fac-
tors such as camera placement, lighting/shadow, contrast 
conditions due to skin/clothing colour and background. 
The reliability of the E-Zone method involving manual 
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tracing will provide a benchmark against which the 
emerging methods can be compared and validated.  
 
Table 6. Percent change required (Tcrit%) for 95% confi-
dence of a real difference when using a within assessor pro-
tocol with five digitisations on each testing occasion.  
 
COM Mass   Length IAP IML IPD 
Head 1.11 2.38 1.23 4.59 4.84 4.93 
Neck 4.67 16.05 7.05 20.82 38.72 31.62 
H+N 1.95 3.00 2.47 4.38 5.69 4.93 
Thorax 0.94 2.34 1.55 4.02 4.28 3.76 
Abdomen 0.89 1.76 1.04 3.21 3.31 3.23 
T+A 1.13 1.28 1.02 1.89 1.94 3.50 
L Arm 4.28 5.45 2.37 9.22 9.25 10.68 
R Arm 4.68 5.20 2.13 9.11 9.07 10.35 
L F/Arm 2.05 6.78 4.43 10.92 11.02 10.57 
R F/Arm 1.79 4.44 2.12 7.62 7.62 8.59 
L Hand 5.07 10.93 6.23 15.15 15.73 15.80 
R Hand 4.24 7.88 3.04 11.26 11.81 14.05 
L Thigh 4.29 2.70 2.66 5.70 5.75 6.00 
R Thigh 4.43 2.32 2.32 4.53 4.48 4.51 
L Shank 1.59 4.22 1.58 7.64 7.77 8.85 
R Shank 1.63 4.00 1.50 7.64 6.86 8.22 
L Foot 6.32 9.91 3.15 15.73 16.25 16.98 
R Foot 5.68 9.79 3.64 15.81 16.35 16.66 
 
Conclusion 
 
The elliptical zone method with E-Zone software can be 
used as a non-invasive and portable method of assessing 
body segment characteristics. To optimise the reliability 
of interpreting results, particularly when assessing chang-
es of individuals longitudinally, or when the effect of 
bilateral asymmetries is being investigated, the same 
assessor should assess the individual on each testing occa-
sion and means of several digitisations should be used. 
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Key points 
 • A unique (not been attempted previously) study of 
reliability of calculating personalised Body Seg-
ment Parameter (BSP) data using the elliptical zone 
method • Establishes benchmark data regarding the reliabil-
ity of BSP data for comparison with emerging 
technologies for obtaining personalised BSP data 
non-invasively.  • Provides a description and guidelines for good 
practice for maximising the accuracy of derived 
kinematics and kinetics in swimming. • The method of body modelling described can also 
be applied to studies in other sports and in as-
sessing change in health status related to body 
shape characteristics for sport and non-sport popu-
lations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AUTHORS BIOGRAPHY 
 
 
Ross H. SANDERS 
Employment 
Professor and Head of Exercise and Sport 
Science at The University of Sydney in the 
Faculty of Health Sciences 
Degree 
PhD 
Research interests 
Bridge biomechanics and motor control and 
learning with specific emphasis on move-
ment asymmetries and rhythms. 
E-mail: ross.sanders@sydney.edu.au 
 
Chuang-Yuan CHIU 
Employment 
Centre for Aquatics Research and Education 
(CARE), The University of Edinburgh. 
Degree 
PhD student 
Research interests 
Anthropometric modelling of the human 
body  
E-mail: thorsten.chiu@gmail.com 
 
  Tomohiro GONJO 
Employment 
Centre for Aquatics Research and Education 
(CARE), The University of Edinburgh. 
Degree 
PhD student 
Research interests 
Biophysical research of front crawl and 
back crawl in swimming 
E-mail: T.Gonjo@sms.ed.ac.uk 
 
Jacki THOW 
Employment 
PhD student, Edinburgh University  
Degree 
BSc, MSc 
Research interests 
Applied biomechanical analysis of swim-
ming and coaching science 
E-mail: Jacki.thow@googlemail.com  
 
Nuno OLIVEIRA 
Employment 
Centre for Aquatics Research and Educa-
tion, University of Edinburgh 
Degree 
PhD 
Research interests 
Biomechanics and motor control of human 
performance 
E-mail: nunocancela@gmail.com 
 
Stelios G. PSYCHARAKIS  
Employment 
The University of Edinburgh  
Degree 
PhD 
Research interests 
Biomechanics research on human perfor-
mance, with a growing emphasis on clinical 
applications. 
E-mail: Stelios.Psycharakis@ed.ac.uk 
 
224                                                                                                                                                                               Reliability of elliptical zone method 
 
 
 
 
Carl J PAYTON  
Employment 
Reader in Biomechanics in the Department 
of Exercise and Sport Science at Manches-
ter Metropolitan University 
Degree 
PhD 
Research interests 
sports performance, with a particular focus 
on the biomechanics of elite swimmers, 
including those with a disability. 
E-mail: c.payton@mmu.ac.uk 
 
Carla B. MCCABE  
Employment 
Ulster Sports Academy, University of Ul-
ster  
Degree 
PhD 
Research interests 
Biomechanical analysis of swimming and 
aquatic exercise  
E-mail: c.mccabe@ulster.ac.uk 
  Professor Ross H. Sanders 
Faculty of Health Sciences, The University of Sydney, Cumber-
land Campus, C42 75, East St, NSW, 2006, Australia. 
ross.sanders@sydney.edu.au 
